ABSTRACT -Cochineal extracts (CE) is a coccid-derived natural food colorant containing carminic acid (CA) as an active ingredient that potentiates inhibition of tissue proteolysis mediated by activation of plasma hyaluronan-binding protein (PHBP). In our previous study, dietary administered CE (CA: 28.5% in CE) has shown to promote the macroscopic development of capsular invasive carcinomas (CICs) associated with up-regulation of angiogenesis-related genes in an intracapsular invasion model of experimental thyroid cancers using rats. However, the promoting effect of CE could not be confirmed histopathologically. The purpose of the present study was to confirm the promoting effect of CE through direct injections to animals on the development of CICs using this cancer invasion model. One week after initiation with N-bis(hydroxypropyl)nitrosamine, male F344/NSlc rats were administered CA-enriched CE (CA: 52.6% in CE) by intraperitoneal injections every other day (10 mg/kg body weight) during the promotion with 0.15% sulfadimethoxine in the drinking water for 8 weeks. The multiplicities of macroscopical CICs and the mean area of early capsular invasive foci estimated by Tenascin (TN)-C-immunoreactivity in the thyroid significantly increased with CE-treatment, while the number of TN-C-positive foci did not change with CE. Transcript level of Phbp and downstream genes unchanged; however, transcript level of angiogenesis-related genes, i.e, Vegfb and its transcription factor gene, Hif1a, those being downstream of phosphatase and tensin homolog (PTEN)/Akt signaling, up-regulated in the thyroid tissue with CE-administration. These results suggest that CE potentiates promotion activity by facilitating angiogenesis through activation of PTEN/Akt signaling without accompanying modification of PHBP-related proteolysis.
INTRODUCTION
Plasma hyaluronan-binding protein (PHBP) is a serine protease implicated in both coagulation and activation of blood coagulation factor VII and the proenzyme form of urokinase-type plasminogen activator (ChoiMiura et al., 1996; Römisch et al., 1999a Römisch et al., , 1999b . PHBP has been suggested to play a role in physiologic or pathologic processes, such as those for tissue repair, vascular remodeling, wound healing, and tumor development (Etscheid et al., 2005) . Therefore, an inhibitor of PHBP activation may regulate such PHBP-mediated processes. Cochineal extracts (CE) is a coccid-derived red dye obtained by aqueous extraction from the crushed and airPromoting effects of carminic acid-enriched cochineal extracts on capsular invasive thyroid carcinomas through targeting activation of angiogenesis in rats dried bodies of Dactylopius coccus Costa in South America (Puchalska et al., 2003) . This dye is widely used for coloring food and also contains active ingredients having an anthraquinone backbone ( Fig. 1) , and the major component of CE is carminic acid (CA). CA is a specific inhibitor of polyamine-induced pro-PHBP autoactivation . Rat thyroid follicular cell carcinomas invading the thyroid capsule, termed capsular invasive carcinomas (CICs) , are produced at a high rate by promotion with sulfadimethoxine (SDM) in the short term in contrast to the less frequent parenchymal carcinomas (PCs) in a rat two-stage thyroid carcinogenesis model. In this SDMpromotion model, development of CICs was associated with capsular thickening and inflammatory cell responses (Imai et al., 2005 (Imai et al., , 2007 . We have previously revealed activation of phosphoinositide 3-kinase (PI3K) signaling pathway involving phosphatase and tensin homolog (PTEN) and active Akt isoforms and their downstream molecules in association with the development of lesion stages from early focal follicular cell hyperplasias to latestage carcinomas of both CICs and PCs (Kemmochi et al., 2011) . This model could be appropriate for evaluation of not only preventing but also promoting potentials of compounds during the whole process of carcinogenesis from the generation of neoplastic cells to their metastasis, including their direct invasion into surrounding tissues.
Using CE and lac color (LC), another coccid-derived food color that contains laccaic acid (LA), a potent PHBP inhibitor having similar purpurin-based chemical structure to CA, we previously examined the potency on tumor invasion using the SDM-promotion model for CIC-induction in rats. As a result, administration of CE and LC exerted dissimilar responses against CIC development (Kemmochi et al., in press) . While LC prevented the initial step of CIC development, CE increased grossly counted capsular neoplastic nodules as well as enhanced expression of angiogenesis-related genes in thyroid CICs. Additionally, we found the evidence that CE does not exert inhibitory effects on PHBP activity, while LC does. However, we could not confirm histologically the reduction in the number and area of CICs.
The present study was performed to prove the promoting effect of CE through direct injections to animals at early stage of tumor invasion in a SDM-promotion model for thyroid CICs-induction in rats. For this purpose, we detected early invasive foci into the thyroid capsule by applying immunohistochemical demonstration of tenascin-C (TN-C), an adhesion modulatory extracellular molecule that is highly expressed at the invasive front of carcinoma cells in the microenvironment of most solid tumors (Orend and Chiquet-Ehrismann, 2006) . We also examined the mechanism related to angiogenesis downstream of PTEN/Akt signaling by real-time RT-PCR. The inhibitory potential of CE on pro-PHBP activation was also analyzed.
MATERIALS AND METHODS

Chemicals and animals
N-bis(2-hydroxypropyl)nitrosamine (DHPN) and SDM were purchased from Nacalai Tesque (Kyoto, Japan) and Sigma (St. Louis, MO, USA). CE was kindly given from Professor Kimie Baba (Osaka University of Pharmaceutical Sciences, Osaka, Japan) and contained 52.6% CA as a major ingredient by quantitative nuclear magnetic resonance (Sugimoto et al., 2010) . Five-week-old male F344/NSlc rats (Japan SLC, Inc., Shizuoka, Japan) were used. All animals were on a basal diet (MF diet; Oriental Yeast Co., Ltd., Tokyo, Japan), allowed water ad libitum during the 1-week acclimatization period, and kept in polycarbonate cages with white wood chips for bedding in an air-conditioned animal room (24°C ± 1°C, 55% ± 5% relative humidity; 12-hr light and dark cycle).
Experimental design
Rats were divided into two groups, each consisting of 12 animals. Four animals with similar initial mean body weights in each group were housed per cage. The rats received a single subcutaneous injection of 2,800 mg/kg DHPN, and starting 1 week thereafter, they were given 0.15% SDM in drinking water with intraperitoneal injections of CE (10 mg/kg body weight) or saline every other day. Body weight, food intake, and water consumption were measured once a week. At week 8, all rats were killed after being anesthetized with ether, Fig. 1 . Structural formula of carminic acid. Vol. 37 No. 3 and blood was collected from the aorta. Collected thyroids were macroscopically examined for the incidence of CICs. After weighing, thyroids were cut in half coronally. The rostral half of each thyroid lobe was fixed in methacarn solution and embedded in paraffin. The caudal half of each thyroid lobe was cut in half laterally, and the right half was fixed in 4% paraformaldehyde and embedded in paraffin. The caudal left half was snap-frozen with liquid nitrogen and preserved at -80°C until use. For hormone analysis, serum concentration of thyroid-stimulating hormone (TSH) was measured by the enzyme-linked immunosorbent assay (ELISA), using Rat TSH ELISA Kit (R-type; No.AKRTS-010) o b t a i n e d f r o m S h i b a y a g i C o . , L t d . ( G u n m a , Japan). In this kit, a monoclonal antibody that specifically recognizes rat TSHβ-subunit was solidified on the wells and used as a capture antibody, and a monoclonal antibody that recognizes α subunit of TSH was used as a detection antibody. Concentration was determined by colorimetric method at 450 nm with Tecan Genios ELISA reader (Grödig, Austria).
Animal experiment was conducted in accordance with the "Guidelines for Proper Conduct of Animal Experiments" (Science Council of Japan, June 1, 2006) and the protocol was approved by the Animal Care and Use Committee of the Tokyo University of Agriculture and Technology.
Histopathology
Histopathological assessment was performed on thyroid tissues. One coronal slice each from the left and right thyroid lobes embedded in paraffin were sectioned at 3 μm and stained with hematoxylin and eosin (HE) for microscopic examination.
Immunohistochemistry for Tenascin-C
Paraffin-embedded thyroid tissues were subjected to immunohistochemistry using the horseradish peroxidase avidin-biotin complex method utilizing a Vectastain ® Elite ABC Kit for rabbit or mouse IgG (Vector Laboratories Inc., Burlingame, CA, USA) with 3,3′-diaminobenzidine/ H 2 O 2 as the chromogen. Antibody for tenascin-C (TN-C: mouse monoclonal antibody; IgG 1 , clone 4C8MS, 1:100; Novus Biologicals, LLC, Littleton, CO, USA) was used for all cases using methacarn-fixed tissues. The multiplicity and areas of TN-C-positive foci and to total TN-C-positive area in the capsule in both lobes from each animal were measured using WinROOF image analysis and measurement software (version 6.4.2., Mitani Corp., Fukui, Japan).
Real-time RT-PCR analysis
Expression analysis of mRNA for genes related to PTEN/Akt-signaling and those showing significant up-or down-regulation by microarray analysis and real-time RT-PCR by administration of CE or LC in our previous study (Kemmochi et al., in press ) was performed with real-time RT-PCR in thyroid tissue samples (n = 7 /group). From a 2-μg aliquot of total RNA extracted from thyroid samples with an RNeasy Mini Kit (Qiagen, Hilden, Germany), first-strand cDNA was synthesized from 2 μg of total RNA in the presence of dithiothreitol, dNTPs, random primers, RNaseOUT, and SuperScript ™ III Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA, USA) in a 20-μl total reaction mixture. Real-time PCR was performed using the SYBR ® Green PCR Master Mix (Applied Biosystems Inc., Foster City, CA, USA) and the ABI Prism 7000 Sequence Detection System (Applied Biosystems Inc.) according to the manufacturer's protocol. The PCR primers shown in Table 1 were designed using Primer Express software (Version 3.0; Applied Biosystems Inc.). The relative differences in gene expression were calculated using threshold cycle (C T ) values that were first normalized to those of the beta actin (Actb) and hypoxanthine-guanine phosphoribosyl transferase (Hprt) genes as an endogenous control in the same sample, and then relative to a control C T value by the 2 -ΔΔC T method (Livak and Schmittgen, 2001 ).
Statistical analysis
Numerical data were compared between the SDMalone group and the SDM+CE group using Student's t-test when the variance was proven to be homogeneous among the groups by the equal variance test. When a significant difference in variance was observed, Aspin-Welch's t-test was performed.
RESULTS
Final body and thyroid weights
There were no animals that showed clinical signs during the experiment, except for gradual red coloration of urine and tooth root during the course of CE-administration in the SDM+CE group. The final body weight was statistically increased in the SDM+CE group as compared to the SDM-alone group (Table 2) . Both absolute and relative thyroid weights were significantly increased in the SDM+CE group compared with the SDM-alone group.
Serum concentrations of thyroid-stimulating hormones
Serum TSH concentration was not different between the SDM+CE and SDM-alone groups (Table 3 ).
The multiplicity of CICs estimated by gross counting
CICs in the thyroid were grossly counted, and the multiplicity per animal was estimated from each dorsal and ventral view (Fig. 2A) . The total numbers of CICs per animal counted from both views were compared between the groups. The SDM+CE group had a significantly increased total number of CICs compared with the SDMalone group.
TN-C-positive foci
The multiplicity of TN-C-positive foci in the capsule per section per animal did not differ between the SDMalone group and the SDM+CE group. On the other hand, the total area of TN-C-positive foci, consisting of neoplastic cell foci and adjacent TN-C-positive connective tissue in the capsule, per section per animal and the mean area of TN-C-positive foci in the capsule statistically increased in the SDM+CE group as compared to the SDM-alone group (Fig. 2B) . The total TN-C-positive area in the TN-C-positive foci in the capsule per section per animal and the ratio of TN-C-positive area / TN-C-positive foci in the capsule were also significantly increased in the SDM+CE group as compared to the SDM-alone group (Fig. 2B) .
Expression of PHBP and downstream molecules
The transcript level of Phbp and its downstream molecules, such as Plau and Plat (Yamamoto et al., 2010; Römisch et al., 2002) , were examined by real-time RT-PCR in thyroid tissues including parenchymal proliferative lesions. Transcript levels of Phbp, Plau, and Plat were not statistically different between the SDM-alone group and the SDM+CE group (Table 4) .
Transcript levels of PTEN/Akt-signaling and downstream genes
Gene expression of PTEN/Akt-signaling and downstream genes was examined by real-time RT-PCR in thyroid tissues. The SDM+CE group showed significantly increased mRNA expression levels of angiogenesis-related molecules downstream of PTEN/Akt signaling, such as Akt1, Hif1a, and Vegfb compared with the SDM-alone group (Table 5) .
DISCUSSION
In our previous study, we could obtain partial evidence of tumor-promoting activity of CE in the two-stage thyroid carcinogenesis model as examined here (Kemmochi et al., in press ). Dietary administration of CE at 3.0% concentration revealed increased number of grossly counted CICs, while histologically, there were no statistically significant difference in terms of multiplicity and area of CICs. However, we have detected up-regulation of angiogenesis-related genes downstream of PTEN/Akt signaling in CICs. In the present study, intraperitoneally injected CA-enriched CE revealed to increase the thyroid weight and the size of TN-C-positive early invasive foci into the capsule in addition to the similar gene expression changes to those obtained in our previous study, while multiplicity was statistically unchanged. These results suggest that absorbed active ingredient(s) of CE can exert tumorpromoting activity. Alternatively, bioavailability of active ingredient(s) of CE after oral administration was considered to be quite low in our previous study. Although CA is suggested to be a potent inhibitor of PHBP in vitro , we could not detect the inhibitory effects of CA-enriched CE on PHBP activity in the present study as reported previously (Kemmochi et al., in press ). These results suggest that CA-enriched CE might promote angiogenesis without affecting PHBP-activity, downstream of PTEN/Akt signaling as found with dietary CE in our previous study (Kemmochi et al., in press ). Of note, large CICs including multiple TN-C-positive portions were irregular in shape, sometimes accompanying the feature of co-riding of multiple neoplastic foci. Because larger CICs were formed with CE-treatment in addition to SDM, there may be larger population of CICs consisting of two or more smaller foci in the SDM+CE group as compared with the SDM-alone group. Different from the pharmacological action at high doses, activation of PHBP is promoted by low concentration of LC in the serum (Sekido et al., 2010) . On the other hand, effect of CE at low concentrations on the activity of PHBP is not known. It is known that inhibitory mechanism of PHBP by LA and CA is different. LA is a potent inhibitor of the protease of both autoactivation of the PHBP proenzyme and catalytic activity of the active enzyme and CA is a specific inhibitor of polyamine-induced pro-PHBP autoactivation (Sekido et al., 2010) . Therefore, it may be possible that CA-enriched CE in the present study could not efficiently exert inhibitory activity because of the lack of the polyamine induced pro-PHBP autoactivation in the thyroid environment.
CE has shown no apparent carcinogenicity in B6C3F 1 mice (Mori et al., 1991) ; however, there have been no other reports investigating carcinogenicity or tumor-promoting activity of CE. On the other hand, Kägi et al. (1994) has previously reported anaphylaxis after drinking Campari (Davide Campari, Milano, Italy)-orange containing CE. Since this first report, many cases of allergic reactions after ingesting food containing CE have been reported (Tabar et al., 2003; Beaudouin et al., 1995; Chung et al., 2001) . Recently, a 38-kD cochineal allergen showing high homology with phospholipase A1 precursor has been reported (Ohgiya et al., 2009 ). Since we could not obtain any relationship between the tumor-promoting effects involving activation of angiogenesis downstream of PTEN/Akt-signaling and PHBP activity as a major pharmacological action of CA, we consider that some other ingredients in CE may potentiate tumor promotion. Otherwise, CA itself may potentiate a tumor-promoting activity through unknown mechanism.
Serum TSH concentration in the present study was >100-fold lower than that in the previous studies (Mitsumori et al., 1995; Son et al., 2004; Imai et al., 2009 ). This gap is due to the difference in the detection system of TSH. Previous studies utilize an antibody detecting β-subunits of TSH (Mori et al., 1984) . In contrast, the anti-TSH-antibody used in the present study selectively detects native TSH consisting of α-and β-subunits, according to the manufacture's description. It is known that hypothyroidism results in higher levels of β-subunit molecule of TSH than the native TSH complex molecule. While two weeks after thyroidectomy have shown 20-fold increase of serum TSH concentrations in rats as compared with sham operated animals using antibody detecting β subunit-alone, fold increase was decreased to three with the assay system detecting native TSH molecule (Mori et al., 1984) . Although we could not directly compare serum TSH concentrations obtained in the present study with those from the previous studies, our present results using the assay system detecting native TSH molecule suggest that there were no changes in the serum concentrations of native TSH by repeated CE injections in SDM-induced hypothyroid rats.
In conclusion, we, in the present study, found that CE, which is used as a food additive, has a potential to promote the progression of CICs in a rat two-stage thyroid carcinogenesis model. The underlying mechanism is considered to be the promotion of angiogenesis downstream of PTEN/ Akt signaling pathway. Some other ingredients rather than CA may be responsible for this tumor-promotion.
